The ground and low-lying states of neutron-rich exotic Te and Sn isotopes are studied in terms of the nuclear shell model by the same Hamiltonian used for the spherical-deformed shape phase transition of Ba isotopes, without any adjustment. An anomalously small value is obtained for B͑E2;
I. INTRODUCTION
The nuclear collective motion is one of the central problems of nuclear structure physics. In the nuclear shell model, a medium-heavy nucleus has many valence particles and these particles move collectively in a large single-particle space. Because such a collective motion is dominated by quadrupole correlations, the corresponding states are referred to as the quadrupole collective states. It is of great interest how such quadrupole collective states are formed as one sails to more exotic regimes on the nuclear chart. To explore this, a plausible approach is to adopt a Hamiltonian confirmed for its validity in and near stable regimes and apply it to unknown regimes. As such an attempt, in this paper, we shall discuss the structure of exotic Te isotopes with the neutron number ͑N͒ exceeding 82. Because the proton number ͑Z͒ is 52 in Te isotopes and there are two valence protons with respect to the Z = 50 closed core, there should be certain proton-neutron correlations in such Te isotopes. A recent quantitative assessment of their structure, however, shows rather peculiar tendencies as will be presented. This paper is organized as follows. We shall survey experimental situations and related empirical rules in Sec. II. In Sec. III, the shell-model Hamiltonian to be used is explained.
In Sec. IV, the calculation methods will be briefly given an overview. The structure of the exotic nucleus 136 Te will be discussed in Sec. V, with more specific discussions on mixed-symmetry states in Sec. VI and on magnetic and quadrupole moments in Sec. VII. Predicted systematic trends will be presented in Sec. VIII. A summary will be given in Sec. IX.
II. EXPERIMENTAL SITUATION AND EMPIRICAL RULES OF QUADRUPOLE COLLECTIVE STATES
Certain basic properties of the quadrupole collective states can be well described empirically by simple phenomenological models. For example, the systematic relation between the excitation energy of the first 2 + state, E 2 +, and the E2 transition strength from the ground 0 + state to the first 2 + state, i.e., B͑E2͒ ↑, has been studied well [1, 2] . One of such useful formulas for this relation is the modified Grodzins rule [2] , which is written as B͑E2;0
where E 2 +͓keV͔, Z, and A denote the excitation energy of 2 1 + state, the atomic number, and the mass number, respectively. It has been confirmed [2] that a family of the Grodzins rule is extremely successful. Another approach of the phenomenological relation can be found in the systematic relation between the above B͑E2͒ value and N p N n , where N p and N n denote the numbers of valence protons and neutrons, respectively [3] [4] [5] . Particu-*Electronic address: shimizu@nt.phys.s.u-tokyo.ac.jp larly, it has been stressed in Refs. [4, 5] that this B͑E2͒ value can be given quite well as a function of the quantity N p N n . Since this N p N n rule is quite robust in nuclei on and near the ␤-stability line, it is of great interest whether or not this B͑E2͒ value still follows this rule, also in exotic nuclei far from the ␤-stability line.
While such empirical rules are successful to a good extent, an exception has emerged in an experiment that extended the experimental feasibility. Namely, the anomalously small B͑E2;0
Te has been observed recently by Radford et al. [6] . The B͑E2͒ value provided by the modified Grodzins rule, Eq. (1), is 0.44(8) e 2 b 2 , which is far from the experimental value, 0.103(15) e 2 b 2 [6] . The E2 transition rate is one of the most direct measures of the quadrupole deformation, and the fact that the rate for 136 Te deviates this much from the empirical rules is a challenge to the microscopic description of this nucleus. Figure 1 shows observed B͑E2;0 1 + → 2 1 + ͒ values of Sn, Te, Xe, Ba, and Ce isotopes. Near the center of Fig. 1(a) where N = 82, the B͑E2͒ values are small, reflecting spherical ground states. This value grows rapidly as one increases the number of neutron valence particles or holes. Theoretical values for Ba isotopes [8] are shown in Fig. 1(b) , demonstrating a rapid increase of the B͑E2͒ value in agreement with the experimental values. The theoretical values were obtained by the Monte Carlo shell model (MCSM) with the pair bases for a standard shell-model Hamiltonian [8] . The calculated B͑E2͒ values of Ba isotopes are proportional to N n in the first approximation as suggested by Casten and Zamfir [5] . However, the B͑E2͒ value for 136 Te is only slightly larger than the value for 134 Te, in contrast to the trend of Ba isotopes. As to theoretical approaches, Covello and coworkers made shell-model calculations based on a microscopic interaction as reported in Ref. [6] , and Terasaki et al. have discussed this problem in terms of the quasiparticle random phase approximation (QRPA), while the pairing correlations are put in from the observed pairing gap [9] .
III. SHELL-MODEL HAMILTONIAN
We study the structure of nuclei around 136 Te using the nuclear shell model. The single-particle space and Hamiltonian for the shell-model calculations are taken from existing ones, which have been used successfully for a systematic description of the shape phase transition in Ba isotopes from N = 82 to 92, which was already mentioned above [8] . The pairing correlation arises from the interplay between the single-particle energies and the pairing interaction. This shell-model Hamiltonian is different from the one used by Covello and co-workers [6] . In fact, they derived a realistic effective interaction from the bare nucleon-nucleon (NN) interaction.
The present single-particle model space consists of the valence orbits in the Z = 50-82 proton shell and those in the N = 82-126 neutron shell. The Hamiltonian we shall use is comprised of the three parts,
where H ͑H ͒ means the proton (neutron) Hamiltonian and V denotes a proton-neutron interaction. The H ͑H ͒ includes proton (neutron) single-particle energies and a twobody interaction between valence protons (neutrons). The proton (neutron) single-particle energies are taken from experimental levels of 133 Sb ͑
133
Sn͒ [10] ( [11] ). These singleparticle orbits and their energies are shown in Fig. 2 = −0.0002͑0.0002͒ MeV/ fm 4 , where g ͑0͒ , g ͑2͒ , and f ͑2͒ are strength parameters of the monopole and quadrupole pairing interactions and the quadrupole-quadrupole interaction, respectively [8] . The interaction between a proton and a neutron is assumed to be of quadrupole-quadrupole type with its strength f ͑2͒ = −0.0014 MeV/ fm 4 [8] . Although the present shell-model Hamiltonian is schematic to a certain extent, it has been tested as being successful in reproducing quadrupole collective states of Ba isotopes over the shape phase transition. It is of a great interest to see whether such a Hamiltonian can be still valid for the study of the anomalously small B͑E2͒ value of 136 Te. We use the same effective charges as in the calculation for Ba isotopes: effective charges are e p = 1.6e and e n = 0.6e for proton and neutron, respectively. We calculate magnetic transitions with standard g factors as we shall show later.
IV. CONVENTIONAL AND MONTE CARLO SHELL-MODEL CALCULATIONS
The structure of the nucleus 136 Te is studied by the conventional shell-model diagonalization for the Hamiltonian discussed in the preceding section. The OXBASH code is used [12] .
For heavier Te isotopes, however, a larger dimension of the Hilbert space prevents us more and more severely from diagonalizing its Hamiltonian matrix. In order to overcome such a growing difficulty, the MCSM has been proposed [13] [14] [15] , which enabled us to apply the large-scale shellmodel calculation also to the collective states of the mediumheavy nuclei. For the study of quadrupole collective states in even-even nuclei, the most crucial dynamics is the competition between the quadrupole deformation and the pairing correlation [16] . In order to handle such situations, the MCSM with pair bases has been introduced and has been successfully applied to the description of the shape phase transition in Ba isotopes with N Ͼ 82 [8] . In addition, even to the case of 136 Te, MCSM has been used for the analysis of pair structure, because the OXBASH code does not have such a capability.
We note that a preliminary and very brief report of a part of the following results has been presented in Ref. [17] .
V. LEVELS OF 136 Te
We first discuss how the 0 Sn is written as
where ͉−͘ indicates the inert core (i.e.,
132
Sn) and S † denotes the creation operator of a pair of valence neutrons coupled to the angular momentum 0. The S † operator is defined as
where c j † denotes the creation operator of a neutron in a single-particle orbit j, and ␣ j indicates an amplitude giving the proper normalization of the state ͉S ͘. Te is given by the D pair. These D pairs are created by the operators,
where the subscript or is omitted for brevity, M means the z component of angular momentum, and ␤ jj Ј stands for amplitude. The values of ␤ jj Ј are determined by the diagonalization of the Hamiltonian matrix for the state ͉D͘ M ϵ D M † ͉ −͘, so that it is properly normalized. We shall omit M hereafter because it is not essential. These S and D pairs are usually called collective pairs, because they are comprised of coherent superposition of various nucleon pairs, although the coherence can be modest in the following cases. Figure 3 shows that the first 2 + level is quite well reproduced by the present Hamiltonian. Te can be written as
where "¯" means other minor components and ͉S ϫ S ͘ ϵ S † S † ͉−͘, etc. Equation (7) implies that the 0 1 + state is accounted for by the state ͉S ϫ S ͘ up to 83% in probability.
Moving Te. This value is larger than the 134 Te value only by a rather modest factor, about 1.5, consistently with the experimental observation. In fact, this value appears to be slightly larger than the experimental value, 0.103(15) e 2 b 2 , reported by Radford et al. [6] . On the other hand, the present value is smaller than the theoretical value, 0.25 e 2 b 2 , by Covello et al. [6] , although their calculation was made based on a fully microscopic NN interaction [19] . We note that a smaller value, 0.16 e 2 b 2 , has been reported later in Ref. [20] by the same authors as those of Ref. [6] as a result of a more consistent calculation still within the same microscopic interaction. The present value is closer to the value by Terasaki et al. obtained by a QRPA calculation using observed pairing gaps [9] .
We shall move on to higher states, as one of the advantages of the shell-model calculation is the capability of studying higher and/or side states. Figure 4 shows 
VI. MIXED-SYMMETRY STATES IN 136 Te
The structure of the 2 2 + state is quite interesting. Equation (9) shows that this state contains considerable amount of the ͉S ϫ D ͘ state as well as ͉D ϫ S ͘ with the opposite signs. The state ͕͉D ϫ S ͘ − ͉S ϫ D ͖͘ / ͱ 2 is clearly antisymmetric with respect to interchanges between proton pairs and neutron pairs, and is called a mixed-symmetry state [24] [25] [26] . Although the mixed-symmetry states are defined with the IBM-2, the bosons and the collective pairs can be mapped onto each other [24] [25] [26] [27] , and the concept of the mixedsymmetry states will be used in this context. The 2 2 + state [͉2 2 + ͘ in Eq. (9)] is dominated by this mixed-symmetry state up to 65%. Its excitation energy is about 1.5 MeV, as shown in Fig. 4 . The mixed-symmetry states lie usually in the energy region of high level density, and therefore it is difficult to identify them. In the present case, the situation may be Fig. 4 . The calculated B͑E2;0 1 + → 2 2 + ͒ is 0.03 e 2 b 2 , which is one fifth of the B͑E2;0 1 + → 2 1 + ͒, due to the cancellation between proton and neutron contributions.
The calculated 1 1 + and 3 1,2 + states are shown also in Fig. 4 . The relevant mixed-symmetry states are of the type ͉D ϫ D ͘. Namely, if ͉D ͘ and ͉D ͘ are coupled to an odd angular momentum, the wave function becomes antisymmetric with respect to the interchange between ͉D ͘ and ͉D ͘ and can be called of mixed symmetry [24] . The 1 1 + state has the overlap probability of 76% with the ͉D ϫ D ; J =1͘ with J being the total angular momentum. The corresponding probability is fragmented as 23% and 51% for the 3 1 + and 3 2 + states, respectively, and both of them are shown in Fig. 4 . The excitation energies of 1 + and 3 + ͉ D ϫ D ͘ states are expected to be about equal to the sum of the excitation energies of the 2 1 + and 2 2 + states, as is true for the IBM-2 cases without so-called Majorana interaction [25] . This feature is maintained in Fig. 4 despite mixed impurities in actual eigenstates.
The calculated B͑M1;0 1 + → 1 1 + ͒ turns out to be 1.14 n 2 , which is rather strong as a measure of mixed-symmetry states, although this M1 transition contains a spin transition as well as an orbital one. There are many experimental levels in the same energy region, but they are not shown in Fig. 4 because their spin/parity assignment is currently unavailable.
Thus, the present shell-model calculation exhibits the full set of the mixed-symmetry states, 1 + , 2 + , and 3 + , in lowexcitation energy region. The experimental identification of the full members of these 1 + , 2 + , and 3 + mixed-symmetry states has been proposed only for a few nuclei, for instance, 94 Mo [27] . The mixed-symmetry states are pushed too high in the cases with strong proton-neutron correlations which certainly favor coherent couplings of protons and neutrons. In exotic nuclei like 136 Te, this may not be the case. Thus, with 136 Te, one may be able to identify the mixed-symmetry states and investigate their various aspects.
VII. MOMENTS OF 136

Te
We next discuss properties of magnetic and quadrupole moments of 136 Te. Figure 5 shows reduced matrix elements (͗J ʈ Q ʈ J͘, and ͗J ʈ Q ʈ J͘) of quadrupole operators as well as the spectroscopic quadrupole moments. The 2 1 + and 4 1 + states show small values. In the yrast states, all the matrix elements of neutrons are larger in magnitude than the corresponding ones of protons, because the yrast states are dominated by the neutron excitations. The same quantities of the 2 2 + state are shown at the left end of Fig. 5 , exhibiting a weak oblate deformation. Figure 6 shows the magnetic dipole moments. The orbital and spin g factors are taken as ͑g l , g l ͒ = ͑0.0, 1.0͒ and Te. The wave function in Eq. (8) suggests that the two valence neutrons in this state are coupled primarily to the angular momentum two, while the two valence protons are coupled mostly to zero. The magnetic moment of the 2 1 + state, therefore, comes mainly from neutrons. On the other hand, the orbital and spin g factors of the neutron are zero and negative, respectively. Combining all these facts, it is deduced that the magnetic dipole moment of the 2 1 + state is most likely negative. Figure 6 confirms that this is the case. In contrast, the magnetic moment takes a small positive value for the 2 2 + state, owing to the orthogonal structure. This trend does not change basically by using other reasonable sets of g factors. For instance, the spin quenching 0.9 and the orbital isovector correction 0.1 were used for pf-shell nuclei by Honma et al. [28] . Figure 6 (inset) indicates a negative overall shift with this set. The present result for the moment of the 2 1 + state resembles the QRPA result (Ϫ0.174) [9] . The magnetic moments of the yrast states exhibit a monotonic increase up to the 6 1 + state, and a different structure sets in as expected from the level scheme in Fig. 4 .
VIII. SYSTEMATIC TRENDS IN HEAVIER Te AND Sn ISOTOPES
We shall now look at systematic trends predicted by the same Hamiltonian as we explore into more exotic regions of heavier Sn and Te isotopes. In Fig. 7(a) , the calculated excitation energies of 2 1 + states of Sn and Te isotopes are plotted as a function of N. The 2 1 + level of Sn isotopes stays almost constant, while it goes up slightly for larger N. This constancy is a common feature of semimagic nuclei, but should be examined experimentally. On the other hand, the 2 1 + level of Te isotopes comes down at the beginning, but again stays constant after N = 84. This is rather unusual, because the 2 1 + level continues to go down in most of medium-heavy openshell even-even nuclei. This nearly constant level systematics contradict the empirical predictions [4, 5] also. Such unusual trend may become more prominent in (some) further exotic nuclei where proton-neutron coupling is even weaker.
Certainly, by increasing the number of valence protons, the same proton-neutron interaction can promote stronger deformation, static or dynamic, and "canonical" collective motions should set in. An example of this, Fig. 7(a) Te has been discussed in Sec. V. This B͑E2͒ value of Sn isotopes increases very slowly. This behavior is similar to lighter Sn isotopes with N Ͻ 82 as a function of the number of neutron holes. The B͑E2͒ value can be expected to increase linearly as a function of the valence neutron number, N n (=N − 82 in this case), in a picture of the simple boson model [24] [25] [26] [27] , while this B͑E2͒ is somewhat suppressed due to the Pauli blocking [29] . This "spherical N n effect" will be discussed once again.
In contrast, the B͑E2͒ value of Te isotopes increases relatively faster. The difference from the value of 134 Te fits well to a linear increase as a function of N n . Namely, the theoretical prediction is somewhat consistent with the model of Casten and co-worker [4, 5] . Experimental investigations are of great interest. The proton contribution increases only modestly as a function of N n in Fig. 7(c) . The B͑E2͒ value of Te isotopes increases mainly due to the increase of the neutron matrix element as the "spherical N n effect" mentioned above. Thus, the evolution of the collectivity/deformation in Te isotopes is mainly due to neutron part of the wave function. The proton part seems to be saturated already at 136 Te. The evolution driven only by neutrons seems to be rather slow. In fact, one can compare the growth of The B͑E2͒ value of Te isotopes to that of Ba isotopes shown in Fig. 1 . The B͑E2͒ of Ba isotopes grows so rapidly that it overscales Fig. 7(b) . This difference is due to the fact that both proton and neutron wave functions undergo the phase transition from the spherical to deformed intrinsic structures in Ba isotopes, and both proton and neutron matrix elements become larger as the neutron number approaches 90. On the other hand, both proton and neutron wave functions remain basically spherical in Te isotopes and the evolution reflects only the "spherical N n effect." Figure 7 (d) shows g factors of the 2 1 + state of Sn and Te isotopes. The g factor of Te isotopes shows a weak tendency to the collective value, Z / A [30] , or IBM-2 value, N p / ͑N p + N n ͒ [31] .
IX. SUMMARY
The structure of an exotic nucleus 136 Te and its vicinity has been studied by the shell model, using the MCSM technique. The unusually small value of 136 Te B͑E2;0 1 + → 2 1 + ͒ has been explained without any adjustment. Based on weak proton-neutron coupling in 136 Te, mixed-symmetry properties are discussed, proposing this nucleus as an excellent playground for this subject. We also provided predictions of Te isotopes beyond 136 Te. The evolution of the collective motion as a function of the neutron number may be rather different from that in more stable nuclei, and a slow growth of the collectivity is predicted, which deviates from empirical predictions. The calculations for heavier Te isotopes are already huge, and have been carried out by the MCSM.
